In order to increase seed production of a pat-2 parthenocarpic tomato cultivar, we attempted to enable fertilization by applying an inhibitor of gibberellin (GA) biosynthesis to the whole plant to prevent pseudoembryo formation prior to anthesis. The pat-2 parthenocarpic tomato cultivar 'Severianin' was cultured with hydroponics, and the GA biosynthesis inhibitor, uniconazole-P, (E)-(S)-1-(4-chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl)pent-1-en-3-ol, was added to the culture solution at 0, 0.01, 0.05, and 0.25 mg·L −1 about two weeks before the first flower anthesis. Stigmata were removed to prevent pollination from half of the plants of each concentration before anthesis, and the other half were tapped by a finger at anthesis for pollination. For pollinated fruits, there were no differences in fruit weight and seed number between the different concentrations of uniconazole-P. A significant positive correlation was observed between seed number and fruit weight in pollinated fruits treated with uniconazole-P that was not observed in the absence of uniconazole-P. There were no significant differences in the germination rate at any concentrations tested compared to the control. Seedlings grown from uniconazole-P-treated plants appeared to develop normally and did not differ from the control. Hence, uniconazole-P treatment of the whole plant was useful for increasing the efficiency of seed production for a parthenocarpic pat-2 cultivar. This was augmented by choosing large fruits at harvest, which contain sufficient amounts of true seeds based on the strong positive correlation between seed number and fruit weight.
Introduction
Fruit set and development is triggered by pollination and fertilization, and tomato fruit starts growing when fertilization takes place naturally. Fertilization success depends on the production of sufficient amounts of fertile pollen, which requires a narrow temperature range. Synthetic auxin treatment is often used to induce fruit set under unfavorable conditions for pollination. Although this can induce fruit setting without pollination at any time, it requires labor for spraying and can sometimes cause puffiness in the fruit. For these reasons, many farmers in Japan use bumble bees for pollination. This method, however, requires higher air temperatures for the bees than those required for plant growth. This increases heating costs for winter production. In addition, the ecological system may be disturbed by escaped bees.
Genetic parthenocarpy of tomatoes has labor-saving advantages for fruit production in seasons unsuitable for pollination or fertilization (Gouguet et al., 2005) . 'Severianin,' a pat-2 parthenocarpic tomato cultivar, can produce normal fruits under high (Lin et al., 1982) or low (Philouze and Maisonneuve, 1978a; Vardy et al., 1989) temperature conditions unfavorable for fertilization. No puffiness is seen in parthenocarpic fruits of this cultivar (Philouze and Maisonneuve, 1978b ). This characteristic is not accompanied by any inferior genes and is very useful for breeding (Sugahara et al., 1990) .
Despite these advantages, only a few cultivars have pat-2, including 'Rarkuna First' and 'Renaissance', F 1 hybrids produced by seed propagation (Sugahara et al., 1995 (Sugahara et al., , 2002 , and 'Kyo-temari' and 'Kyo-akane', vegetatively propagated lines. 'Kyo-temari' is the commercial name for production by 'MPK-1,' which was found in F 2 plants between a non-parthenocarpic commercial cultivar and an offspring of 'Severianin' that exhibited strong parthenocarpy (Kataoka et al., 2004a) .
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'Kyo-akane' was found among offspring originating from the cross between a non-parthenocarpic commercial cultivar and 'MPK-1' mentioned above, as a plant that sets middle size, bright red fruits with high sugar content appropriate for fresh use. Commercial cultivation of 'Kyo-temari' and 'Kyo-akane' is restricted to the Kyoto area. Each cultivar shows indeterminate growth and strong parthenocarpy, producing sufficient fruit without any setting procedure. Although some seeded fruits grow in spring cultivation, there is no difference between parthenocarpic and seeded fruits in appearance.
Parthenocarpy induced by pat-2 does not reflect male or female sterility or self-incompatibility (Lin et al., 1983) . Hence, fertile seeds can be obtained by pollination at the appropriate time; however, the number of true seeds obtained is quite small (Ohkawa et al., 2005 (Ohkawa et al., , 2006 (Ohkawa et al., , 2007 , complicating both seed production and breeding. One reason why true seed production is difficult is that fertilization might be prevented by pseudoembryos that fill the embryo sac cavity before anthesis, especially in cultivars with strong parthenocarpy, based on anatomical observation of 'MPK-1' ovules (Kataoka et al., 2004a) .
If the development of pseudoembryos before anthesis is restricted, fertilization is possible by hand pollination at anthesis. Pseudoembryo development in the pat-2 mutant keeps pace with fruit growth and is controlled by gibberellins (GAs) (Kataoka et al., 2004b) . GA biosynthesis inhibitor applied before pseudoembryo progression may restrict development of the pseudoembryo. Flower buds should be treated with GA biosynthesis inhibitor some time before anthesis, since a pseudoembryo was already observed in the ovule several days before anthesis in the 'MPK-1' line. Since flower bud induction occurs continuously, the effect of GA biosynthesis inhibitor should be maintained for all flower buds throughout growing periods. We therefore mixed (E)-(S)-1-(4-chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl)pent-1-en-3-ol (uniconazole-P) into the nutrient solution to spread over the entire plant. However, if biosynthesis of GAs is inhibited within the entire plant, we expect that various effects will manifest. Endogenous GAs may influence many processes in plant growth and development (Gorguet et al., 2005) . In particular, the development of pollen and anthers is controlled by endogenous GAs, as indicated by a study that found that male sterility in GA-deficient tomato mutants is caused by a low level of endogenous GA and that fertility is restored by exogenous GA application (Nester and Zeevaart, 1988) . At the beginning of this study, we were worried that uniconazole-P uptake through the root might inhibit pollen development elsewhere. Moreover, side effects of uniconazole-P have also been reported (Rademacher, 2000) . Uniconzole-P might inhibit ethylene formation (Kraus et al., 1992) , oxidative metabolism of ABA into phaseic acid (Saito et al., 2006) , and brassinosteroid biosynthesis (Rademacher, 2000) . In this experiment, it was essential to use a treatment concentration that did not inhibit the development of pollen, the growth of fruits to maturity, or sufficient vegetative growth, but did inhibit the pseudoembryo. In our previous experiments, the growth of the ovary, which was dipped in 30 mg·L −1 uniconazole solution a week after anthesis, was strongly reduced (Kataoka et al., 2004b) , and no fruit was obtained from 'Severianin' ovaries dipped in 5 mg·L −1 solution at anthesis (Kataoka et al., 2003) . In the case of chrysanthemum dwarfism, in the directions for SUMISEVEN-P (containing 0.025% uniconazole-P, Sumitomo Chem. Co. Ltd., Japan), it is recommended that 0.075 to 0.25 mg be given per treatement per plant. Based on these values, we determined the amount of each uniconazole application to be 0.1, 0.5, and 2.5 mg per plant to enable determination of the proper dosage for seed production. We evaluated fruit growth and the seed number per fruit. We also examined seed weight and germination ability to confirm the normality of seeds obtained by uniconazole-P treatment.
Materials and Methods
'Severianin' tomato seeds were sown on April 18, 2007, and two seedlings were transplanted to each hydroponic container containing 20 L of Otsuka-A nutrient solution (Otsuka Chemical Co., Ltd., Japan) adjusted to an EC of 0.8 and a pH of 6.5, and containers were aerated in a glasshouse on May 9. In order to inhibit GA biosynthesis, uniconazole-P ((E)-(S)-1-(4-chlo-ophenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl)pent-1-en-3-ol) was added to the solution at 0, 0.01, 0.05, and 0.25 mg·L −1 on May 17, about two weeks before the first flower anthesis. Additional uniconazole-P was not mixed since the endogenous GA level was reduced for at least four weeks after the fruit cluster was dipped in uniconazole solution in our previous report (Kataoka et al., 2004b) . Two containers were provided for each concentration of uniconazole-P tested. All flowers in one container for each concentration had their stigma cut off two or three days before anthesis to prevent pollination (unpollinated), and the flowers of the other container were tapped by a finger at anthesis for pollination (pollinated). The ripe fruits of flowers that opened from June 6 to 27 were harvested and weighed, except for fruits smaller than 5 mm in diameter, which were harvested from July 13 to August 3. Seeds were isolated from every piece of fruit and washed, and only those that sank were collected, dried, and counted per fruit. Seeds were combined for each harvest date, weighed and calculated as 1000 seed weights. They were kept in a desiccator until the germination test, which was conducted at 25°C with five replicates of 100 seeds placed on top of two layers of filter paper in 9 cm Petri dishes soaked with 4 mL distilled water. Germination was monitored on days 5 and 12 of imbibition. Germination tests were started on July 25 using the seeds harvested from July 13 to 19 and on August 28 using the seeds harvested from July 23 to 26.
Results
Plants treated with uniconazole-P showed a dwarf shape within one week; plants treated with higher concentrations were shorter and dark green (data not shown). Many small shoots formed on the main veins of the leaves of plants treated with uniconazole-P (Fig. 1) . Some of these shoots grew and set malformed fruits, but they were not counted.
For each uniconazole-P concentration, fewer growing fruits per container were obtained from unpollinated than from pollinated plants. The number of growing fruits decreased with higher uniconazole-P concentrations and few were obtained from unpollinated plants treated with 0.25 mg·L −1 uniconazole-P ( Table 1 ). The fresh weight of unpollinated fruit decreased with increasing uniconazole-P concentration, but there was no difference in pollinated fruit weight among uniconzole-P concentrations. In the case of non-uniconazole-P-treated plants, the average weight of unpollinated fruits was significantly higher than seeded fruits, as established by t-test (p < 0.01). The average seed number per fruit did not differ among uniconazole-P concentrations, although the percentage of fruits with over 50 seeds, which was the approximate mean number of seeds of the fruits obtained without uniconazole-P treatment, was 37.5% in the control, and 55.6, 60.9, and 76.5% with 0.01, 0.05, and 0.25 mg·L −1 uniconazole-P, respectively. A significant positive correlation was observed between seed number and fruit weight in fruits obtained from plants treated with uniconazole-P, as well as with pollination at all concentrations of uniconazole-P; however, this was not detected in fruits obtained without uniconazole-P (Fig. 2) . The 1000 seed weight was significantly heavier at 0.01 mg·L −1 uniconazole-P than for the control by Dunnett's test (p < 0.05), but at other concentrations, there was no significant difference from the control (Table 2 ). There were no significant differences in germination rates compared to the control at any uniconazole-P concentration, as established by Table 1 . Effect of uniconazole-P treatment on the growth and seed number of unpollinated and pollinated fruits of 'Severianin' tomato.
z Data are means ± SE. ND represents no significant difference from the value of the group without uniconazole-P as determined by Dunnett's multiple comparison test (p < 0.05). * represents a significant difference from the value of the group without uniconazole-P determined by Dunnett's multiple comparison test (p < 0.05). Dunnett's test, although the lowest value was for the 0.25 mg·L −1 uniconazole-P treatment. Five seedlings from each treatment were transplanted to pots in a glasshouse to examine their growth and flowering; differences among treatments were not observed (data not shown).
Discussion
Few parthenocarpic tomato cultivars have been bred for commercial production despite the advantages of parthenocarpy. One reason for this might be the difficulty of seed production. In the pat-2 parthenocarpic tomato, even if a flower pollinated at anthesis grows into a large fruit, it remains unknown until harvest whether that fruit contains enough true seeds (Ohkawa et al., 2005) ; probably only few true seeds will be obtained from many pollinations. In normal fruit development in the wildtype tomato, the initiation of fruit setting depends on the successful completion of pollination and fertilization (Gorguet et al., 2004) . Floral organs develop in synchronization (Rieu et al., 2003) ; fruit growth starts at anthesis, and "days after anthesis" are often used as an index of the fruit's developmental stage. In strong parthenocarpy caused by the pat-2 mutation, however, fruit development begins before anthesis, and a pseudoembryo occupies the embryo sac cavity (Kataoka et al., 2003) , preventing fertilization.
An inhibitor of GA biosynthesis may restrict pseudoembryo growth until flower opening and anther dehiscence, as endogenous GAs control the growth of the pseudoembryo (Kataoka et al., 2003) . Using this idea, we tried to obtain seeded fruits from 'Severianin' tomato plants treated with uniconazole-P before anthesis. Our results showed that the percentage of fruits with more than 50 seeds increased from 37.5% in the control to 55.6-74.6% by uniconazole-P treatment.
It is interesting that a significant positive correlation between fruit weight and seed number was observed with uniconazole-P-treatment. This implies that selecting well-grown fruits at harvest can improve seed production efficiency. For non-parthenocarpic tomato, the size of a fruit is largely determined by its seed number (Varga and Bruimsma, 1976) . Although there was no relationship between fruit size and seed number in pollinated fruits of 'Severianin' without uniconazole-P treatment (Fig. 2, P0 ), a significant positive correlation was observed in pollinated fruits from plants treated with uniconazole-P at all concentrations (Fig. 2) . From the repression of unpollinated fruit growth, uniconazole-P concentration in this experiment was considered to be sufficient to lower the endogenous level of gibberellin, on which parthenocarpic fruit growth depends, but there was no effect of uniconazole on the growth of pollinated fruit (Table 1) , which is primarily affected by seed number. This suggests a possible compensation mechanism in fruit growth, as the controlling system derived from the seed would take the place of the control by pat-2, which had been blocked by uniconazole-P, on fruit growth. This also suggests that different events may be involved in parthenocarpic and fertilized fruit growth. Moreover, uniconazole-P did not inhibit the growth of true seeds, but rather inhibited the growth of pericarp tissue. As hand pollination at anthesis produced successful fertilization, the normal development of pollen, anther and egg apparatus, and the normal anther development should be considered to have occurred, despite many reports about the indispensable role of GA on male reproductive development (Huang et al., 2003; Nester and Zeervaart, 1988; Sawney, 1974) . Our data suggests that susceptibility to the inhibitor, uniconazole-P, is different for reproductive and vegetative tissues. Alternatively, there may be a specific mechanism that protects the reproductive organs.
In pollinated fruits, fruit setting decreased with increasing concentrations of uniconazole-P. This may indicate that fruit whose ovules failed in fertilization could not grow in the presence of uniconazole-P, as shown by the regression line in Figure 2 . Leftward shift of the regression line of 0.25 mg·L −1 treatment from the other lines may indicate that a higher seed number is required for fruit growth as uniconazole-P concentration increases.
There was no significant difference in the 1000 seed weights in response to the control by any uniconazole-P concentration, except for 0.01 mg·L −1 (Table 2 ). For germination rates, no significant differences were found at any uniconazole-P concentration compared with the control by Dunnett's test. The cause of the increase in seed weight in the 0.01 mg·L −1 treatment was not clear.; however, it was suggested that these treatments did not have a harmful effect on seed growth. Since seedlings grown from uniconazole-P-treated plants appeared to develop normally and did not differ from the control, it appears to be possible to use the seeds obtained from uniconazole-P-treated plants. It is still necessary to evaluate the longevity and desiccation tolerance of these seeds.
The number and fresh weight of parthenocarpic fruits were decreased by uniconazole-P treatment. We did not count or restrict the flower bud number per cluster because we did not observe any difference in the initial flower number at anthesis. Thus, the reduction in fruitset number and fruit growth were considered to be caused by low levels of endogenous GA, which is compatible with previous reports (Fos et al., 2000; Kataoka et al., 2003; Rebers et al., 1999 ) that GA biosynthesis is a key in initiating the development of parthenocarpic fruits.
We observed that the intensity of parthenocarpy fluctuated in the offspring of 'Severianin' during the growing season (Kataoka et al., 2004a) , and it has been reported that the genetic background into which the pat-2 gene is introduced is very important for plant vigor (Gorguet et al., 2005) . The expression of parthenocarpic fruit growth induced by pat-2 is considered to be affected by other factors, such as minor genes for metabolism, environmental conditions and so on; therefore, further examination is required to establish a method for producing true seeds of other pat-2 lines that differ in genetic background.
GA may influence many processes in plant growth and development (Gorguet et al., 2005) besides the setting and development of fruit. As a result, whole plant treatment with uniconazole-P should be expected to cause various reactions. The most significant effects observed in our study were dwarfism and shoot formation on the main vein of the leaf. Long days and high temperatures inhibit the formation of adventitous buds in leaves of Begonia through low levels of endogenous GA and IAA, and GA applied to excised leaves strongly inhibits bud generation (Oden and Heide, 1989) . Thus, low GA levels induced by uniconazole-P may be involved in causing adventitous bud formation in this experiment.
Uniconazole-P should also affect the levels of other phytohormones. Brassinosteroid biosynthesis is inhibited by uniconazole-P (Rademacher, 2000) and immature tomato fruits contain high amounts of brassinosteroids normally associated with locular jelly and seeds, but not vegetative organs (Montoya et al., 2005) ; however, brassinosteroids are not thought to be involved in fruit setting and growth in tomatoes (Serrani et al., 2007) . Ethylene formation may also be reduced by uniconazole-P inhibition of aminocyclopropanecarboxylic acid (ACC) oxidase (Rademacher, 2000) . Although it is difficult to know with certainty the consequences of the side effects of uniconazole-P-mediated adventitous shoot formation, uniconazole-P will be a promising tool for vegetative propagation, if the ability of uniconazole-P treatment to induce the formation of adventitous shoots at any time is confirmed.
When pollinated and unpollinated fruits in uniconazole-P non-treated plants were compared, unpollinated fruits were significantly heavier. Although this may be the result of the decrease in the number of fruit borne by unpollinated plants, no competition could have occurred between pericarp growth and seed development in parthenocarpic fruits. Studies of seedless watermelon fruit using X-ray irradiated pollen have revealed that, as there is no competition with seed development, the sugar content is higher in seedless fruit than in seeded fruit (Yamane et al., 2007) ; thus, a similar phenomenon may occur in tomato.
In conclusion, we showed that increased efficiency of seed production for a pat-2-induced parthenocarpic cultivar 'Severianin' tomato can be achieved by applying uniconazole-P, a GA biosynthesis inhibitor, to the nutrient growth solution and by choosing large fruits at harvest, based on the strong positive correlation between seed number and fruit weight.
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